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Material  Effects  in  Photoconductive 
Frozen  Wave  Generators 


1.  INTRODUCTION 


This  work  is  motivated  by  the  promise  of  frozen  wave  generators  (FWG)  to  provide  high 
power,  wide  band,  pulsed  microwave  signal  sources  at  very  low  cost.  The  technique  Is 
amenable  to  monolithic  fabrication,  especially  at  higher  mlcrov  ave  frequencies,  thus 
allowing  fabrication  of  phased  airays  wlUi  large  numbers  of  elements  for  specialized  Air  Force 
radar  and  communications  applications.  Using  basic  frozen  wave  concepts,  outlined  below, 
static  electric  energy  stoied  at  tlie  array  radiating  aperture  in  simple  microwave  clicuil 
elements  Is  released  In  the  form  of  a  microwave  pulse  via  photonlcally  controlled 
photoconductive  swi»ches„  Since  this  pulse  Is  generated  essentially  at  the  radiator,  the  usual 
problems  of  signal  d'spers'on  and  loss  In  the  microwave  feed  structures  are  avoided.  The  peak 
pulse  power  radiated  from  the  array  elements  combine  in  space  fanning  beams  useful  for  very 
wide  band  radar  and  communication  systems. 

These  future  Air  Force  system  requirements  include  the  need  ^or  iow-c'/st.  lightweight 
sources  of  piniod  microwave  energy.  A  typical  pulse  Is  inustr^*  ed  in  Figure  1  along  with  its 
amplitude  spectrum' .  Note  that  Uie  center  Irequency  f^  of  tiio  microwave  pulse  Is  determined 


(Received  for  Publication  1  May  1991} 

'  Haykln.  Simon  (1983)  Communication  Systems,  2nd  Ekl..  New  York.  NY.  John  Wiley  and 
Sons.  p.  20. 
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by  the  period  T  of  a  single  cycle  of  tlie  microwave  signal  within  the  pulse  and  that  the  aniount 
of  energy  in  the  main  lobe  and  its  spread  Af  (the  bandwidth)  about  f^  are  determined  by  th^. 

temporal  width  P  of  the  microwave  pulse. 


Figure  1.  A  Typical  RF  or  Microwave  Pulse  Ht)  and  its  Amplitude  Spectrum  F(0. 

The  signal  of  Figure  1  is  closely  approximated  by  the  pulse  train  shown  in  Figure  2.  which 
can  111  prlnciiTe  be  produced  very  simply  with  a  FWG^  ^  such  as  that  Illustrated  in  Figure  3.  If 
the  switches  of  the  FWG  are  closed  simultaneously  «uid  veiy  quickly  while  the  transmission 
line  segnieni  between  them  is  charged  to  +V  volts,  tiie  wave  shown  in  the  figure  will  be 
launched.  Tills  happens  because  one  half  of  the  energ>^  stored  on  the  charged  (+V)  line  segment 
travels  to  the  riglit  and  Uie  other  half  tnivels  to  the  left.  This  latter  half  reflect.s  and  reverses 
phase  at  the  short  circuit,  then  travels  back  tluough  both  switches  (assuming  Uiey  are  still 
closed)  to  follow  the  Qrst  half  of  tlie  signal  and  fonn  the  single  cycle  waveform  shown  in 
Figure  3.  More  cycles  can  be  added  to  the  Wtivc  by  using  more  switches  and  alternating  Uie 
polarity  of  the  voltage  (±V")  on  the  line  segMents  between  successive  palis  of  switches.  Note 
that  half  of  the  period  of  tJ.e  wave  is  determined  by  the  length  of  line  X  between  the  switches 
and  the  phase  velocily  v^^  oi  the  wav<'  on  (he  line  through  the  relation 


2  Pioud.  J.M.  and  Norman.  L.  (197<S)  High  Irc*queiuy  waveform  generation  using 
optoelectronic  switching  in  silicon.  IEEE  Trans.  Aficroicane  Theory  Tech.,  MTT-26: 137. 

^  Lee.  C.H..  Li.  M.G..  Chang.  C.S..  Yurek.  A.M.,  Rhee.  M.J..  Chauc'hard.  E..  Fischer.  R.P., 
Rosen.  A.,  and  Davis,  H.  (1985)  OploelectioiiU  lechnicjues  loi  iniciovvave  aiul  niilliinetei  wave 
applications.  Proc.  IEEE  ^^^T S  InlemaUonal  Microwave  Symposium,  St.  !x)!ns.  MO.  p.  178. 
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VpT/2  =X. 


(1) 


f{t) 


Figure  2.  A  Pulse  Train  That  Closely  Approximates  the  Signal  of  Figure  1. 


•  '  are  developing  circuits  to  produce  microwave  frozen  waves  at  gigahertz  frequencies  as 
illusl.  ed  in  Figure  3  by  using  short  photoconductive  gj*ps  as  switches  In  microstrip 
transmission  lines.  Since  the  center  frequency  of  (he  microwave  puhe  equals  1/T  (this  is  only 
approximately  true,  as  well  see  late.i.  gigahertz  s  gnals  wlil  have  na.iosecond  periods  and  (he 
switches  must  close  la  times  much  shor'tr  than  a  period.  Consequently,  the  effoii  Is  aimed  at 
using  state-of-the-arl  picosecond  laser  pulses  to  close  the  switches  by  drastically  changing  the 
electrical  conductiiay  of  the  material  In  (he  switch  ((he  gap  in  the  microstrip)  from  veiy  low 
(o  veiy  high  (through  the  photoconductive  efkti).  An  ob\lous  choice  of  mateilal  for  this  is  a 
seiul'insulating  semiconductor.  Thus,  the  oveitUI  approach  to  the  project  Is  to  produce  frozen 
waves  using  photocondut  t.ve  .switches  (gaps)  in  scrnicoiultK  ior-ba.scci  mlcrf>strip  .switch  chips 
in  a  hybrid  circuit  having  cliaigcd  (lan.smlssion  line  segmenl.s  of  50  ohm  microstrli)  on 
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alumina  substrates.  The  new  device  being  added  to  the  traditional  frozen  wave  technology  is 
Uie  high  power  picosecond  laser  capable  of  delivering  multiple  beams  of  precisely  timed  pidse 
trains.  These  extremely  fast  rise-time  coherent  optical  pulses  can  accurately  trigger  the  PC 
switches  well  within  a  small  fraction  of  a  period  of  the  desired  microwave  frequency. 


•  V 


bias 
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-V 
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Circuit 


X - - 


Z  *  Z 
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Figure  3.  A  One-cycU-  Frozen  Wave  Generator  Consisting  of  Two  Swilches  S,  and  S2 
Embedded  In  a  Transmission  Line  Thai  Is  Shorl  Circuited  at  Sj  and  Tennlnated  In  a 
Matched  Load. 


This  report  is  limited  lo  the  analysis  and  prellminaiy  e.\i)erlinenlal  observ'allons  of  a  few 
gap-switches  made  during  a  10  week  UES-SVRF  Piogram  of  one  ol  the  authors.  RMO. 


2,  OBJECTIVES  OF  THE  RESEARCH  EFFORT 


At  the  outset  of  the  project.  It  was  presumed  tliat  the  frozen  wave  generators  to  be  built  and 
tested  would  consist  of  short  gaps  in  the  upper  conductors  of  mlcrostrip  transmission  lines 
based  on  seml-lnsulatlng  semiconductors.  Thus,  the  material  properties  of  the  semiconductor 
will  affect  both  the  behavior  of  the  switch  (speed,  resistance,  etc.)  and  the  propagation 
characteristic  (Impedance,  etc.).  Accordingly,  a  major  goal  of  the  project  is  to  seek  optimum 
materials  for  the  frozen  wave  generators. 

To  make  wise  decisions  concerning  materials,  it  is  necessary  to  thoroughly  understand  the 
behavior  of  the  frozen  wave  generator  and,  even  more  Importantly,  the  basic  photoconductlve 
switch.  Thus,  as  the  project  progressed,  three  Important  objectives  evolved,  which  are 
essential  for  the  successful  fabrication  of  a  FWG. 

1.  Investigate  how  material  properties  affect  the  propagation  of  a  frozen  wave  traveling  in 
mlcrostrip. 


2.  Investigate  how  material  properties  affect  the  spacing  and  number  of  switches  In  Uie 
frozen  wave  generator. 


3.  Investigate  how  material  properties  affect  the  behavior  of  the  photoconductlve  switches 
themselves. 


In  the  next  section,  the  approaches  taken  toward  achieving  these  objectives  and  the  results 
obtained  will  be  described  and  discussed. 


3*  APPROACHES  AND  RESULTS 


3. 1  Material  Effects  on  Frozen  Wave  Propagation  in  Mlcrostrip 

The  important  materlals-relateci  properties  of  mlcrosUip  transmission  line,  a  cross- 
section  of  which  Is  Illustrated  In  Figure  4.  arc  its  characteristic  impedance  Z^.  effective 
relative  dielectric  constant  dielectric  attenuation  constant  a^.  and  strip  conductor 
attenuation  constant  loss  a^.  is  important  for  Impedance  matching  and  and  a  are 
Imi>orlanl  for  loss  considerations.  Tlie  importance  of  will  be  discussed  In  the  next  section. 
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Figure  4.  Mlcrostrlp  (MS)  Cross-Section,  Illustrating  the  Width  w  and  Thickness 
t  of  the  Upper  Strip  Conductor  and  the  Dielectric  or  Semiconductor  Substrate 
Tlilckness  h.  e.  Is  the  relative  dielectric  constant  of  the  substrate  and  a„  and  a . 

r  c  a 

are  the  electrical  conductivities  of  the  strip  conductor  and  substrate,  respectively. 


Highly  accurate  approximate  analyses  of  the  structure  in  Figure  4  have  been  performed  and 
complete  tabulations  of  the  rather  cumbersome  results  are  widely  avallable."^*^  For  our 
purposes,  it  is  only  necessary  to  indicate  the  functional  dependences  of  Z^,  8^^.  a^.  and  a^, 

which  are  as  follows: 


=  Z(J  (E^.  f.  w/h.  t/h.  h). 

(2a) 

^rc  =  ^rc 

(2b) 

“d  =  “d^^r*  '^d- 

(2c) 

“c  =  ®c  */h). 

(2d) 

Gupta,  K.C..  Garg.  R..  and  Balil.  I.J.  (1979)  Microsinp  Utxes  and  Slotlines.  Dedham.  MA 
Artech  House,  p.  88. 

^  Bald.  I.J.  and  Bhartla,  P.  (1980)  Microstrip  Antennas,  Dedham.  MA.  Artech  House,  p.  309. 
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where  f  refers  to  frequency  and  the  other  quantities  In  the  parentheses  are  defined  In  Figure  4. 
Thus,  for  a  given  material  system,  there  is  a  rathe  r  complicated  interrelationship  among 
frequency,  waveguide  geometry,  and  the  material  propeitles  (e^.  o^j.  and  a^).  which  must  be 

considered.  This  can  be  done  using  commercially  available  software.®  in  which  tlie  equations 
suggested  by  Eqs.  (2a)-(2d)  are  programmed. 


3.2  Material  Effects  on  the  Spacing  and  Number  of  Switches  in  the  Frozen  Wave 
Generator 

The  elementaiy  concept  that  the  product  of  velocity  and  time  equals  distance  leads  to  tlie 
equation 


X  =  VpT/2. 


(1) 


as  stated  in  the  Introduction.  It  relates  tiie  period  T  of  one  cycle  of  a  frozen  wave  pulse  train  to 
the  phase  velocity.  V^.  of  the  wave  on  a  transmission  line  and  the  spacing  X  of  the  switches 

that  comprise  the  frozen  wave  generator.  Since,  in  microstrip.* 


V  =  c/  Ve  ^ 

p  rc 


(2) 


where  c  =  the  free  space  speed  of  Uglit.  Eq.  (1)  caii  be  rewritten 


X  =  cT/2/£  . 

rc 


(3) 


As  promised  In  the  last  section,  this  equation  shows  the  Importance  of  the  effective  relative 
dielectric  constant  in  device  design.  Also,  since  depends  on  the  relative  dielectric 
constant  of  the  substrate  (as  stated  in  functional  Eq.  {2b)).  it  follows  that  Eq.  (3)  also  shows 
that  the  substrate  material  affects  the  switch  spacing,  llie  exact  behavior  of  tills  dependence 
would  require  the  use  of  tlie  exact  equation  represented  by  Eq.  (2b)  in  Eq.  (3). 

To  appreciate  tlie  relationship  between  material  properties  and  the  number  of  switches  in 
the  generator,  it  Is  necessary  to  consider  the  amplitude  spectrum  of  the  frozen  wave.  (Tlie 
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SUPERCOMPACr.  for  example.  Is  one  such  software  jiackage. 


number  of  switches  is  one  more  than  the  number  of  cycles  In  the  frozen  wave.)  As  illustrated 
in  Figure  1.  if  the  frozen  wave  were  a  truly  sinusoidal  pulse  train,  tlxe  relation 


fo=l/T 


(4) 


would  be  exactly  correct  and  Eq.  (3)  could  be  rewritten  In  the  convenient  form 


X  =  c/2/r“  f-. 

'  re  0 


(5) 


Furthermore,  as  is  also  illusb  :ed  in  Figure  1,  as  the  width  P  of  the  pulse  train  Increases,  its 
energy  becomes  concentrated  in  an  Increasingly  narrower  band  of  frequencies  Af  centered  on 
f^.  If  these  results  were  also  exactly  true  of  the  frozen  wave  shown  in  Figure  2,  it  would  follow 

that  the  number  of  cycles  N  in  the  frozen  wave  would  only  afi'ect  the  bandwidth  of  the  signal, 
that  is,  by  associating  NT  with  P  (see  in  Figures  1  and  2)  Uie  bandwldlli  would  decrease  with 
increasing  N.  As  we  will  show,  however,  N  also  aifects  the  center  frequency  of  the  square  wave 
pulse  train,  so  that  Eq.  (4)  must  be  replaced  by  a  functional  equation  of  the  form 


f^  =  f„(N.  1/T). 


(6) 


Using  this  form,  Eq.  (5)  should  also  be  rewritten  as 


X=c/VF;f^(N.  l/T). 


(7) 


If  f(t)  juid  fj(t)  represent  the  signal  in  Figure  2  and  one  of  Its  cycles,  respectively,  l(t)  can  be 
expressed  as 


f(t)  = 


N 

I 


n  =  1 


fj[t-(n-l)jT. 


(8) 


By  the  Shifting  Theorem  of  spectral  analysis,  the  Fourier  transform  (F(co)l  of  f  (t)  can  be 
written  as 
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(9) 


F((o)  =  F,(co)  X 
n=  1 


where  Fj((o)  is  the  transform  of  fj(t).  It  is  stralghtfomaid  to  show  that 


F  (0))  =  ^  (l  -JAT  . 

'  J(0  ^  <oT/4 


(10) 


Also,  using  information  in  Reference  7»  we  can  write 


N  *  1  <‘>NT 

y  g-J  1)7  ^  y  ^-J  _ 

n=l  n  =  0 


(11) 


_  (oT(n~  Dft,  sin  ((oNT/2) 
sin  (coT2) 


Finally,  using  Eqs.  (10)  and  (11).  we  can  express  the  amplitude  spectrum  |F(co)|  as 


|F(a>)l  =  AT 


sin^  (coT/4)  ^  sin  (o)  NT/2) 
0)T74  sin  (a)T/2) 


(12) 


Plots  of  this  equation  would  show  that  the  main  lobe  of  |F(a))|  is  centered  on  a  frequency  f^ 

that  is  somewhat  to  the  left  of  1/T  and  approaches  1/T  with  Increasing  N.  Furthermore.  iF  (o))i 
becomes  more  symmetrical  about  f^  with  increasing  N  with  a  bandwidth  proportional  to  1/N. 

Thus,  the  behavior  of  |F(o))l  for  the  square  wave  pulse  train  is  similar  to  that  of  the  sinusoidal 
pulse  train  when  N  is  large. 

To  briefly  illustrate  these  points,  note  that  for  N  =  1  the  second  factor  of  Eq.  (10)  is  1  and 
Uie  first  factor  plots  as  shown  in  Figure  5.  Differentiation  of  the  first  factor  in  Eq.  (10)  to 
determine  the  frequency  of  the  main  lobe  results  in  the  transcendental  equation 


tan  a)T/4  =  2  (oT/4, 


(13) 
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which  can  be  solved  Iteratively  to  give 


fg  =  0.74 17/T. 


(14) 


IF(f)l 


1  2  3  4 

T  T  T  T 


Figure  5.  Plot  of  Eq.  (10)  for  N  =  1,  which  is  also  the  First  Factor  in  Eq.  (10). 


For  N  >  1.  (lie  plot  of  Figure  5  niu&l  be  multiplied  by  the  second  factor  In  Eq.  (10)  Plots  of  this 
factor  for  N  =  2  and  3  are  shown  In  Figure  6.  It  is  apparent  that  tlie  product  ol  the  curve  in 
Figure  5  with  each  of  these  cuives  will  have  a  peak  frequency  tliat  approaches  1/T  as  N  gels 
larger.  Also,  the  resultant  spectrum  becomes  more  symmetilcal  about  f^  with  increasing  N  and 
has  a  bandwidth  proportional  to  1/N.  We  have  now  shown  how  both  tlie  center  frequency  Iq 
and  tlie  bandwidth  Af  of  the  square  ]>ulse  train  form  of  frozen  wave  depend  on  the  number  N  of 
cycles  In  the  frozen  wave  or.  equivalently,  on  the  number  (N  +  1)  of  switches  in  the  frozen  wave 
generator. 
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3T  ^21  3T  T  3T  2T"  3T  Y 

Figure  6.  Plots  of  the  Second  Factor  in  Eq.  (10)  for  N  =  2  and  3. 


3.3  Material  Effects  on  Photocond active  Switches 

Having  considered  the  transmission  medium  and  the  number  and  spacing  of  switches  in  a 
frozen  wave  generator,  we  now  consider  the  behavior  of  the  photoconductlve  switches 
themselves.  As  discussed  In  the  inuoducUoii  and  liiustrated  wiiii  the  help  of  Figure  3,  for  the 
frozen  wave  to  form  properly,  all  (N  +  1)  switches  in  the  generator  have  to  remain  closed  while 
all  of  the  segments  of  tlie  wave  work  their  way  to  the  left  and  right,  and  ultimately  leave  the 
generator,  traveling  to  the  right.  If  N  is  large,  which  would  be  desirable  if  a  narrow-band, 
high-power  signal  were  required,  this  could  require  a  fairly  long  switch  closure  time.  Since 
the  switches  are  to  be  made  of  an  illuminated  semiconductor,  this  means  that  the 
recombination  lifetime  x  of  tlie  substrate  material  has  to  be  sufficiently  long.  Thus,  in  this 
manner,  the  recombination  lifetime  of  the  substrate  material  limits  the  number  of  switches  in 
the  frozen  wave  f,enerator.  Furtliermore.  since  the  frequency  f^  of  the  main  lobe  of  the  signal 
spectrum  varies  with  N  as  discussed  above,  x  affects  f^  as  well  as  Af.  The  results  of  the  present 
section  should  make  it  possible  to,  among  other  things,  decide  how  many  switches  can  be  used 
in  a  given  generator  using  a  given  material  system. 

Our  approach  to  studying  a  single  photoconductlve  switch  is  to  model  it  for  use  in  the  well- 
known  SPICE  simulation  program.  An  appropriate  switch  model  Includes  both  material  and 
device  parameters  for  the  switch.  Such  a  model,  embedded  between  segments  of  transmission 
line,  is  analyzed  with  SPICE.  The  analysis  would  Include  the  full  range  of  device  behavior 
from  the  unilluminated  OFF  slate  through  the  transient  leading  to  the  Illuminated  ON  state 
and  finally  through  the  transient  leading  back  to  the  OFF  slate. 

The  llrst  decision  to  be  made  is  whether  (he  switch  model  is  to  be  composed  of  lumped 
rather  than  distributed  elements.  Since  the  length  of  a  ty])lcal  switch  (the  size  of  the  gap  in 
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the  strip  conductor  of  the  niicrostilp  line)  Is  of  tlie  order  of  (at  most)  tens  of  inlcrons,  and 
since  the  wavelength  of  a  glgaherU  signal  in  tyjjical  microstrip  is  of  the  order  of  centimeters,  a 
lumped-element  model  is  appropriate  for  the  present  work.  However,  when  higher  frequencies 
(the  millimeter-wave  regime)  are  considered,  the  lumped-element  model  will  have  to  be 
revised. 

To  illustrate  some  of  the  logic  that  led  to  the  lumped-element  switch  model.  Figure  7  shows 
a  cross-section  of  a  typical  photoconducUve  switch  (the  gap)  in  microstiip.  Note  first  tliat 
there  is  clearly  a  capacitance  C  .  between  the  electrodes  on  either  side  of  the  gap.  Secondly, 

when  the  gap  is  illuminated,  the  Increased  conductivity  of  the  semiconductor  will  allow  (and 
control)  an  electrical  current  between  A  and  B.  Thus,  there  is  also  a  light-controlled  variable 
resistor  between  the  electrodes.  Finally,  because  the  substrate  is  seml-lnsulatlng,  the  metal- 
semiconductor  contacts  where  the  strij)  electrode  meets  the  substrate  at  (he  edges  of  the  ga[)  aic 
probably  significantly  non-ohmlc,^  that  is.  they  probably  lonn  Schottky  diodes.  We  obseiwed 
such  non-ohmic  behavior  in  a  preliminary  measurement  on  a  photoconductfre  switch,  as 
described  more  fully  in  Section  3.4  below. 


- I - 

I  I 

I  I 

Dielectric 


Ground 

Plane 


Figure  7.  Cross  Section  of  an  Illuminated  Pholoconcluctlve  Switch  In 
Microstiip.  [  Is  the  length  of  the  gap  In  the  strip  conductor. 

When  the  unbiased  gap  Is  Illuminated  with  a  laser  pulse,  a  negative  electrical  pulse  was 
observed  on  the  oscilloscope.  This  signal  can  be  explained  If  there  Is  a  rectifying  contact 
between  elecbode  A  and  the  substiale.  electrons  i^roduced  by  the  absorbed  photons  thus  see  a 


^  Aii.slon.  D.II.  Chaptei  4  in  Ix-c.  CM!.,  ed..  (11)84)  I'icoseconei  Oploeleclrir  Di'vlccs.  New  Yoik. 
NV.  Academic  Press. 
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downhill  potential  and  fiener.'^te  the  o])served  signal  via  the  photovoltaic  eflect/*  hxideutaliy, 
when  terminal  B  was  tenninated  in  eithf*r  a  short  or  an  open,  the  oscilloscope  signal  was 
rnodilied  by  the  reile^Hed  signals  as  would  be  expected. 

The  preceding  ideas  suggest  tliat  the  switch  be  modeled  as  a  phototransistor  with  a  variable 
resistor  between  the  Junctions  and  a  shunt  caparitor,  as  shoum  in  Figure  8.  The  shunt 
capacitor  has  been  analyzed  by  Maeda'*  and  is  a  funrtion  of  the  static  relative  dielectric 
constant,  e^.  of  die  semiconductor,  as  well  as  geometric  iactors.  Values  of  20-bO  IT  are  t^-^Mcal. 
The  Junctions  are  modeled  using  a  symmetric  Ebers-Moll  model*^  to  allow  any  bias  (fowaid 
and  reverse)  across  each  Junction.  Capacilancts  associated  with  Uie  Junction  should 
automatically  be  accounted  ior  by  the  SPICE  program.  Note  that  if  the  Junctions  are  non¬ 
rectifying.  the  diodes  become  short  circuits  and  the  model  becomes  a  parallel  resistor/ 
capacitor  combination,  as  discussed  by  Auston.^ 


V 


B 


Figure  8.  Lumped-element  Model  of  the  Fholoconductlve  Switch. 


Maeda.  M.  (1972)  Aii  analysis  ol  gap  In  minostiii)  transmission  lines.  lEE  Trart*^. 
Microwave  llwory  Tech.,  MTT-20:39(). 

Muller.  R.S.  and  Kamniis,  T.I.  (1981)  Device  Elccirotiics  fat  IrUegraiecl  Circuits.  2nd  Ed., 
New  York.  NY.  John  Wllcy  and  Sons.  p.  294. 
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The  Ebers-Moll  model  introduces  llie  pai^ameters  a  mid  These  parameters  are 
somewhat  complicated  functions  of  both  geometry  and  material  properties.  Including  the 
lifetimes  and  mobilities  of  charge  can  iers  and  the  band  gap  (or  intrinsic  density)  of  the 
semiconductor.  Exact  functional  forms  for  these  parameters  remain  to  be  established. 

The  remaining  parameters  In  the  model,  and  R,  are  functions  of  the  time  varying  optical 
power  in  the  pulsed  laser  that  is  used  to  close  the  switch.  is  the  light-induced  photcurrent, 
which  can  be  expressed  as*  * 


,  ^en(l-r)P(t) 


(15) 


where  e  Is  the  electron  charge,  r  is  the  reflectivity  of  the  semiconductor  at  the  wavelength  of 
the  light  pulse,  hv  is  the  photon  energy  in  the  beam.  P(t)  Is  the  optical  power  that  reaches  the 
semiconductor,  and  r|  is  the  quantum  efflciency  for  conversion  of  photons  to  electron-hole 
pairs.  Both  r\  and  r  are  material  properties. 

Aji  expression  for  R  can  be  developed*^  by  approximating  the  Illuminated  volume  between 
terminals  A  and  B  in  Figure  7  as  a  parallelplped  as  Illustrated  In  Figure  9.  The  dimensions,  t, 
w.  and  d  represent,  respectively,  the  length  of  the  gap  (.see  Figure  7),  the  width  of  the  .strip 
conductor  (see  Figure  4),  and  an  elfecllve  or  avenige  <i1>S()iptIon  depth  ol  the  light.  The  depth  d 
is  often  appioxlmated  by  1/(1,  where  jl  is  the  absorption  coeliU  lent  ol  the  material  at  khe  la.sei 
wavelength.  *  * 


**  S/.e.  S.M.  (1981)  Physics  oj  S^micotiducto!  Drrurs.  2ncl  EcL,  New  York.  NY.  John  Wiley 
and  Sons.  p.  745. 

Nunnaly.  W.C.  and  Hammond.  K.13.  (1S)84)  Cliapter  12.  in  Iaw  C.H..  ed..  ncoseconcl 
Optoeleciric  Devices.  New  York.  NY  Acad(*mlc  Pies.s. 
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Figure  9.  Georneliy  Used  (o  Approximate  the  Illiinilnated  Volume  in  a 

Photocondiictive  Switch,  f  =  gap  length,  w  =  strip  conductor  width, 
d  =  elTective  absoiptlon  depth  oi  the  light. 


The  resistance  R  of  the  model  in  F'igure  9  can  be  expressed  as 

R  =  f/a{t)wd  (16) 

where  a  (t)  is  the  HectrJcal  coiulnclivUy  ol  the  material.  Since  the  material  Is  assumed  to  be 
semi-lnsuIatlng,  a  (i)  can  be  wTltten  a.s 

o  (t)  =  e  n  It)  (17) 


ir> 


where  and  \i^  are  the  electron  and  hole  mobiliUes,  respectively,  and  n  (t)  Is  the 
concentration  of  free  electron-hole  pairs,  n  (t)  can  he  written  as  the  sum  of  intrinsic  (iij)  and 
light-induced  [An  (t)]  quantities  as 


n  (t)  =  Hj  +  An  (t). 


(IB) 


so  that  Eq.  (16)  becomes 


Rr-.  — 
wd  e 


_ _ 


(19) 


The  change  in  tlie  density  of  hole  electron  pairs  may  be  modeled  oy  Uie  following  differential 
equation  used  by  Nunnaly  and  Hammond. 


diAn  (t)]  ^  PU)  U  III  -  4.^ 
hpwCd  ^ 


(20) 


Let 


Y  = 


(21) 


and  we  have 


d  An  (t)] 

111 


+  Y  An  (t)  = 


P  (tJ  (1  -r) 
hpwld 


(22) 


The  above  equation  is  a  lirst  ordei  dilleientlal  equation,  tlic  solution  of  which  may  be  found 
In  tJie  first  few  chapters  of  a  good  dlllerenllal  equation  text.  In  Eq.  (20).  x  is  (lie 
recombination  lifetime  ol  Eq.  (20)  excess  carriers  In  the  nitUeiial.  Hj  is  the  contact  injection 

efficiency  (a  function  of  both  the  strip  conductoi  and  Mie  semiconductor,  which  vve  have  not 
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yet  ascertained),  and  Is  the  transit  time  (1/Md*  where  is  the  drift  velocity,  which  depends 
on  charge  carrier  mobilities). 

Using  the  results  of  Reference  12,  An  (1)  can  be  ex|Dressed  as 


An  (1)  = 


Ti(l-r)P(t)cU 
h  nwl  ci 


(23) 


ir  we  cl'^iine 


F[P  (t)J  =  e'^‘  I  e^‘P(t)dt 


f 


(24) 


for  shorthand  pur])oses.  substitution  of  Eq.  (23)  into  Eq.  (19)  yields 


R(t)  = 


(25) 


It  should  be  evident  from  the  discussion  in  this  section  that  the  behavior  of  the 
photoconductive  switch  is  a  very  complicated  function  of  geometry  and  materials,  including 
both  the  ship  conductor  (injection  efficiency)  and  the  semiconductor.  The  semiconductor 
properties  that  come  into  play  are  its  relative  dielectric  constant  intrinsic  density  n^  or 
band  gap  Eg.  lifetimes  r  and  mobilities  |i  of  carriers,  quantum  efficiency  r\  and  absorption 
coefficient  p.  and  reflectivity  r.  The  easiest  and  most  efficient  way  to  consider  the  roles  of 
tliese  material  parameters  is  to  analyze  different  material/switch  configurations  using  a 
simulation  program  such  as  SPICE. 

Allhougli  the  model  presented  here  should  be  valid  foi  analysis  through  the  entire  cycle  of 
operation  (from  OFF  to  ON  to  OFF),  some  caution  Is  needed  in  the  ON  state  when  the  optical 
intensity  is  apt  to  be  great  enough  to  cause  saturation  or  higlidevel  injection  effects.  Wherr 
this  happens,  many  of  the  material  parameters  very  from  their  well-known  ’’constant'*  valut 
For  example,  mobilities  are  known  to  drop  significantly  at  high  intensities.*^  Thus  using  the 
model  correctly  during  the  ON  state  will  re(|ulre  a  proper  understanding  of  how  the  it  erial 
properties  behave  under  conditions  of  hlgli  level  Injection. 


Lee.  C.H.  (1984)  Chapter  5  in  Lee.  C.H..  ed..  Picosecond  Opioelectric  Devices,  New  York. 
NY.  Academic  Press. 
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3.4  Experimental  Results 


3.4.1  FABRICATION 

Ideally  for  FWG  devices  one  wants  a  switch  with  zero  "on"  (closed)  resistance, 
infinite  "off"  (open)  resistance,  zero  rise  time  and  no  parasiUcs.  The  fall-Ume  of  tlie  switch 
should  be  slow  enough  to  pass  the  wave  pulse  but  should  recover  high  resistance  to  allow 
recharging  the  line  segments.  We  selected  100  pm  thick  seml-insulatlng  GaAs.  a  direct  band 
gap  semiconductor  with  a  relatively  high  intrinsic  resistivity  and  electron  mobility  as  the 
substrate.  Switches  were  configured  as  gaps  in  a  50  ohm  microstrip  transmission  line  to 
minimize  parasitlcs  and  maximize  wide  band  transient  response.  Four  (4)  1  X  1  mm  chips 
were  designed,  two  with  ohmic  contacts,  and  two  wlUiout.  Switches  were  laid  out  in  a  pattern 
of  four  gaps  per  chip  (see  Figure  10)  and  the  chips  were  hybrid  bonded  into  a  coplanar  alumina 
waveguide  with  microwave  fixtures  for  testing. 

Non-ohmic  contacts  were  formed  automatically,  due  to  the  high  resistivity  of  the  GaAs 
substrate.  Ohmic  contacts  were  formed  using  ion  implantation  to  make  the  material  Tj'*’  in  the 
neighborhood  of  the  upper  microstrip  conductor.  The  non-ohmic  behavior  of  the  switches 
fabilcated  without  the  ion-implantation  step  was  observ^ed  by  terminating  one  side  of  one  such 
switch  in  50  ohms  and  connecting  the  other  side  to  a  50  ohm  oscilloscope.  When  the  unbiased 
gap  was  illuminated  witli  a  laser  pulse,  a  negative  electrical  pulse  was  observed  on  the 
oscilloscope.  The  signal  can  be  ex])lained  if  there  is  a  rectifying  contact  between  the  electrode 
and  the  substrate;  elections  produced  by  the  absorbed  photons  Uius  see  a  down-hill  potential 
and  generate  the  observed  signal  \’1a  the  photovoltaic  effect. Incidentally,  when  the  terminal 
was  terminated  in  eltlier  a  short  or  an  open,  the  oscilloscope  signal  was  modified  as  would  be 
expected  by  the  reflected  signals. 

3.4.2  DC  CHARACTERISTICS 


The  DC  "ofl"’  resistance  and  the  average  stand-off  voltage  of  the  four  switch 
configurations  were  measured  with  a  Tektronix  Model  577/177  cuive  tracer.  "OfT’  resistances 
were  all  over  10  Megohms.  Also,  it  was  determined  that  (he  switches  could  safely  hold  off  a 
voltage  of  2V  per  micron  of  gap  width  without  damage  to  the  switch  or  apjjreciable  leakage 
currents.  Tills  is  in  line  with  other  work  and  projects  to  a  charged  line  potential  of  nominally 
lOOV  in  the  FWG  or  a  peak  RF  power  of  approximately  lOOW. 


Bube.  R.H.  (1960)  PhotoconductiviUf  of  Solids,  New  York.  NY.  John  Wiley  and  Sons, 
p.  78. 
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3.4.3  SWITCHING  CHARACTER1.STICS 


Upon  completion  ol  the  1-V  test,  one  chip  was  mounted  In  a  coplanar  waveguide 
iLxlure.  Prior  to  mounting  the  chip,  the  chip  ground  plane  melal  was  removed  along  with 
approximately  1  mm  ol  the  coplanar  waveguide  center  conducloi.  The  chip  was  epoxled  and 
wire  bonded  Into  the  fixture  as  shown  In  Figure  10. 


■‘  .V  ■  '• 


Figure  10.  Switch  Chip  In  Coplanar  Waveguide  Fl.xture. 

Removal  of  the  chip  ground  plane  eliminates  the  mlcroslrip  structure  of  Uie  chip  and 
Increases  tlie  Impedance  discontinuity,  however,  the  chip  Is  still  small  compared  to  the 
coplanar  waveguide  wavelenglh  for  frequencies  up  lo  seveial  gigaheilz  and  therefore  may  be 
con$fder<*d  a  lumped  element. 

Usln^  (he  setup  shown  In  P'i^ure  1 1.  (lie  switch  chaiactei Istlcs  were  tested.  The  laser  ii.sed 
In  the  experiment  was  a  Nd:YLF  solid  slate  laser,  with  a  nominal  average  power  of  10  watts. 
The  laser  Is  capable  ol  producing  35  pico.second  (ps)  |)ulses  at  a  wavelengUi  of  1.054  pm.  When 
mode  locked  (ML),  the  pulse  repetition  frequency  (PRF)  is  76  MIU  with  a  peak  power  of  about  2 
kilowatts.  When  the  laser  is  both  mode  locked  and  Q.switched  (QS).  it  Is  expected  to  produce  a 
gioup  ol  Q-swllched  60  ps  pulses  each  wltli  a  peak  power  of  1.2  megawatts  at  a  1  kHz  PRF. 
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Figure  1 1 .  Experimental  Setup. 


Since  1.054  pm  light  (near  infrared  with  energy  of  1.18  eV)  is  below  the  band  gap  or 
absor|>tlon  edge  of  semi-insulating  GaAs  |1.46  eV).  the  mode-lock/Q’Swllch  output  of  the  laser 
is  frequency  doubled.  This  Is  done  using  a  Pockels  cell  to  gate  out  one  of  the  largest  mode- 
lock/Q-swllch  pulse  of  the  Q-switch  group  into  a  potassium  titanyl  phosph<de  (KTP)  ciystal. 

The  output  power  of  a  single  green  pulse  should  be  about  750  kW  peak  and  have  a  60  ps 
wldtli.  However,  subsequent  measurements  shown  below  Indicate  the  Q-switch  pulse  to  be 
much  longer  tlian  60  ps.  In  fact,  the  response  of  the  ex])erimental  photoconductlve  switches 
and  the  resjionse  of  a  fast  photodiode  detector  having  a  rise  time  of  35  ps.  and  put  in  place  of 
the  switch,  show  the  same  characteiisilc  output  as  a  function  of  time.  The  observed 
waveforms  shown  in  Figure  12a  are  similar  to  the  shape  of  the  Pockels  cell  gate  used  to  select 
a  mode-locked  pulse  from  the  Q-switch  group  and  shown  in  Figure  12b.  The  conclusion  Is  that 
during  Q-swltch  opertation  the  lasei.  as  piesently  opeiating.  does  not  mode  lock.  VV<‘  Inlerpiel 
our  result  as  the  Pockels  cell  selecting  «m  api)ro.\imalely  10  nanosecond  poitlon  of  the  non- 
modedocked  Q-switch  laser  output.  'Ibis  pulse  is  doubled  and  locused  onto  the  gap-switch. 
When  first  obseived.  this  pulse  shape  caused  much  conlusion  until  it  was  reall/.ed  that  the 
laser  was  not  mode  locked  during  Q-switdi  opeiation.  I  heie  is  no  inlieient  problem  that 
prevents  niode-locked/Q-swilch  opeiation  <ind  la.sei  upgiading  and  tuning  procedures  aie  being 
pursued  to  allow  stable  mode-locked/Q-.switch  operation  In  the  near  future. 
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Figure  12.  Comparison  Traces  of  Photoconductive  Switch  Output  (a), 
and  Output  of  Pockels  Cell  Switching  Out  a  Portion  of  Non-Mode- 
Lxjcked  Q-Swltched  Pulse  (l>). 


Because  of  our  inability  to  obtain  high  power  picosecond  pulses  by  Q-swltch  operation,  present 
investigation  of  the  e.xperimental  fast  transient  behavior  of  the  gap  switch  was  done  using 
modc-locked/abei -compressed  pulses  in  the  3  ps  range.  Aithougli  an  accurate  picture  of  Uie 
gap  photoconductive  transient  behavior  is  obtalnctl  using  these  techniques,  there  is  not 
suiflcient  pulse  energy,  without  Q-swltching.  to  effectively  close  the  switch  in  a  .50  ohm 
Impedance  circuit.  In  other  words,  the  switch  resistance  camiot  be  made  much  less  thmi  50 
ohms. 

A  spectra  Physics  Model  3690  fiber  optic  pulse  comjjressor  and  frequency  doubler  is  used  lo 
compress  tlie  Nd:YLF  laser's  appro.xlmately  35  ps  mode-locked  pulse  to  about  3  ps  which  is 
doubled  to  green  527  pm  light.  The  green  peak  pulse  power  is  estimated  to  he  about  175  W  at  a 
pulse  repetllJon  frequency  of  76  MHz. 
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Figure  13.  Pair  of  Autocorrelation  Traces  at  1.05  [im.  Traces  are  displaced 
with  20  ps  delay  for  scale  calibration  (=15  ps/cm).  Trace  verifies  approx¬ 
imately  4  ps  pulsewldth  of  fiber /grating  compressor. 


Measurement  of  these  short  pulse  widths  Is  done  using  the  1 .054  pm  output  from  the 
compressor's  doubler  dump  port,  which  goes  Into  a  modified  Spectra  Physics  Model  409 
autocorrelator.  The  dump  port  IR  signal  contains  a  significant  (=1  percent)  amount  of 
copropagating  green  light  that  must  be  blocked  with  a  spatial  filter  (pin  hole)  Inside  the 
autotcorrelator,  after  the  mixing  crystal.  The  compressed  IR  autocorrelation  trace  actually 
measured,  shown  In  Figure  13,  is  seen  to  be  consistent  with  an  =4  ps  pulse.  The  doubled  green 
pulse  would  be  less  than  this  or  about  3  ps.  The  0.527  pm  light  from  the  doubler  Is  expanded 
and  focused  to  a  round  spot  which  slightly  overfills  tlie  gap  switch  mounted  In  a  50  ohm 
mlcrostiip  fixture.  The  peak  light  Intensity  on  the  gap  Is  estimated  to  be  about  2MW/cm^.  well 
below  the  damage  threshold  (>10®W/cm^)  for  GaAs. 
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Figure  14.  Pulse  Response  of  GaAs  Gap  Switch  to  3  ps,  0527  pm  Pulse. 


The  response  of  a  typical  gap-switch  to  3  ps  green  pulses,  measured  by  an  Opto-Electronlcs 
PD-15  wideband  photodiode  and  displayed  on  a  Tektronix  7104/7S11/S4  sampling 
oscilloscope  is  shown  in  Figure  14.  Similar  response  is  shown  by  both  ohmic  and  non-ohmlc 
contact  devices.  Modeling  of  switch  material  properties  needed  to  produce  this  response  is 
given  in  detail  below.  However,  it  is  clear  (hat  although  the  switch  closes  quickly,  it  does  not 
stay  closed  long  enough  to  pass  even  a  fraction  of  a  cycle  of  a  6  GHz  waveform  (period  =  166 
ps).  In  fact,  the  actual  switch  response  is  shorter  than  shown  because  the  displayed  pulse  is 
bandwidth  limited  by  the  pulse  measuring  system,  that  is.  cables  and  oscilloscope  sampling 
head. 


3.5  Modeling  and  Analysis  of  PC  Switches 

As  a  precursor  to  modeling  the  entire  frozen  wave  generator  on  SPICE,  the  resistance  of  the 
switch,  as  a  function  of  time,  was  modeled  with  the  mathematics  software  package  MATHCAD. 
Using  the  measured  average  ix)wer  and  pulse  width,  we  estimated  the  peak  power  and  energy 
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per  pulse.  'Fhe  equations  given  In  Section  3.3  [Eqs.  (16)*(25))  were  then  used  to  generate  the 
carrier  concentration.  Combining  the  carrier  concentration  and  mobilities,  we  calculated  tlie 
conductivity. 

Finally.  Inserting  the  light  penetration  depth  and  switch  geometry,  we  calculated  the 
resistance  with  Eq.  (26).  This  resistance  was  placed  In  the  simple  circuit  shown  in  Figure  15. 
At  present,  we  are  neglecting  the  parasitic  capacitances  C  ,  and  Junction  effects  of  the  full 

blown  Ebers-Moll  model  of  Figure  8.  This  is  a  preliminaiy  attempt  at  fitting  data  to  an 
oversimplified  model.  In  the  future  when  better  switch  performance  is  expected  tlirough  tlie 
use  of  longer  carrier  lifetime  material  the  switch  will  be  modeled  using  SPICE.  This  will 
Include  the  Junction  eflfect  and  parasitic  capacitance  C^. 


Figure  15.  Slmplilled  Switch  Network. 


The  voltage  at  the  load  is  given  by 


V=''blas.  n 
•'  2  +  Ft  (1)  ■ 


(26) 


The  output  of  the  simulation  wltli  tlie  following  parameters  is  shown  in  Figure  16. 
Average  Power  =  35  niW 
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Pulse  WlclUi  =  3  ps 

Mobilities:  =  8500  cm^/V  •  s.  =  400  cm^/V  ♦  s 

Gap  Length  =  75  pm 
Gap  Width  =  68  pm 
Gap  Deplh  =  0.2  pm 


0  1023 

Time  (picosecond) 


Figure  16.  Simulated  Output  Voltage. 


3,6  Comparison  of  Model  to  Experimental  Results 

Comparing  the  simulation  with  the  experimental  results  given  in  Section  3.4,  we  see  that 
the  model  rise  time  is  shorter  and  the  carrier  lifetime  is  on  the  order  of  50  ps.  The  slower 
experimental  rise  time  can  be  attributed  to  parasitic  capacitances  not  Included  In  the  model 
and  the  rise  time  (--100  ps)  of  the  oscilloscope.  The  fall  time  of  the  switch  Is  much  shorter 
than  desired.  The  short  lifetimes  can  be  attributed  to  the  device’s  processing.  The  details  of 
the  processing  are  sketchy.  To  our  knowledge,  the  wafer  was  processed  using  ion 
implantation.  The  region  in  the  gap  was  then  etched  to  expose  tiie  semi-lnsulatlng  GaAs. 

From  the  lifetimes  seen  experimentally,  it  would  appear  that  not  enough  of  the  doping  "taU’’  of 
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the  n+  layer  was  removed.  Although  the  wafer  was  annealed,  we  believe  the  seml-insulating 
substrate  contained  enougli  damage  and  impurities  to  reduce  the  lifetime  to  50  ps. 


4.0  SUMMARY 


We  have  shown  how  FWG  perfonnance  depends  on  material  characteristics  of  both  the 
energy  storage  lines  and  photoconductlve  switch.  Preliminary  photoconductlve  switches  of 
vgirious  gap  geomebies  made  in  semi-insulatlng  GaAs  were  built  and  tested  in  a  broad  band 
microwave  test  fixture  excited  by  3  ps  pulses  from  a  mode-locked,  pulsed-compressed, 
frequency-doubled  NdrYLF  laser.  Analysis  of  the  switch  photoresponse  yields  a  measured 
carrier  lifetime  of  approximately  50  ps.  This  lifetime  is  loo  short  for  a  practical  FWG.  The 
extension  of  this  work,  to  find  and  use  longer  lifetitne  switch  material,  is  directed  to  intrinsic 
silicon  on  sapphire.  InP  and  high  purity  GaAs.  Work  Is  in  progress  to  investigate  these 
materials  using  the  above  techniques  and  then  IncoqDorate  the  appropriate  material  in  a 
C-band  FWG. 
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Appendix  A 


Acronyms 


CPW 

coplanar  waveguide 

FW’G 

frozen  wave  generator 

GaAs 

gallium  arsenide 

IR 

Infrared 

I-V 

current-voltage 

KTP 

potassium  tltanyl  phosphate 

ML 

mode  locked 

MS 

microstrlp 

Nd:YLF 

neodymium  doped  yttrium  lithium  fluoride 

PC 

photoconductive 

PRF 

pulse  repetition  frequency 

ps 

picosecond 

QS 

Q-swltched 

RF 

radio  frequency 

SI 

semi-insulating 
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Appendix  B 

Definition  of  Variables 

amplitude  of  pulse 
gap  capacitance 

d  effective  absorption  depth 

e  electron  charge 

Eg  energy  band  gap  of  semiconductor 

f  frequency 

f^  center  frequency 

Af  frequency  spread  about  f^ 

h  semiconductor  substrate  thickness 

hv  photon  energy 

Ijj  optically  injected  ’'base”  current 

N  number  of  cycles  In  frozen  wave 

An  (t)  optically  Induced  carrier  concentration  change 

P  width  (temporal)  of  the  microwave  pulse  (=  TN) 

P  (t)  optical  power 

R  switch  resistance 

r  reflectivity  of  semiconductor 

t  niicrostrip  thickness 

(j  transit  time 
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period  of  microwave  pulse 
phase  velocity 

mlcrosliip  width 

line  length  between  switches 

transmission  line  characteristics  impedance 

strip  conductor  attenuation  constant 

dielectric  attenuation  constant 

absorption 

reflectivity  of  semiconductor 
time  constant 

static  relative  dielectric  constant 
effective  relative  dielectric  constant 

quantum  efficiency 
electron  mobility 
hole  mobility 

conductivity  of  strip  conductor 
conductivity  of  semiconductor 
carrier  lifetime 


